Calmodulin (CaM), a calcium-binding protein, is found in high concentrations in mammalian brain where it plays a pivotal role in a large number of cellular functions. Protein kinase C (PKC), a multifunctional cytosolic enzyme, in the presence of both Ca 2+ and phospholipids, transduce extracellular signals into intracellular events. Both CaM and PKC are partially involved in maintaining Ca 2+ homeostasis in the cell. Any¯uctuations in the intracellular Ca 2+ can modulate cellular functions and may contribute to neuronal dysfunction. Hence, the present investigation was initiated to study the effects of some selected penicillium (naturally occurring tremorgenic) mycotoxins like secalonic acid, citreoviridin, and verruculogen on CaM activity, active conformation of CaM and PKC activity. Stimulation of CaM-de® cient bovine brain 3 0 0 -5 0 0 phosphodiesterase (PDE) indicated CaM activity.The modi® cation of CaM active conformation was studied by the binding of¯uorescent probe N-phenyl-l-napthylamine (NPN) to CaM. Alterations in the¯uorescence of dansyl-CaM was used to study the effect of these compounds on complex formation between CaM and PDE. Rat brain cytosolicPKC was studied using 32 P-ATP as a measure of altered protein phosphorylation. The concentrations of mycotoxins used were in the range of 10 to 50 ¹M. All three mycotoxins inhibited CaM-stimulated PDE activity in a concentration-dependent manner. Citreoviridin and secalonic acid inhibited NPN¯uorescence and Ca 2+ -dependent complex formation of dansyl-CaM and PDE. The IC 50 values for NPN¯uorescence of citreoviridin and secalonic acid were 13 ¹M and 19 ¹M respectively. However, verruculogen showed little effect on NPN¯uorescence and the Ca 2+dependent complex formation of dansyl-CaM and PDE. These mycotoxins also inhibited PKC activity in a concentration-dependent manner with IC 50 values of 19.8, 25.7, and 38.4 ¹M for secalonic  acid, citreoviridin, and verruculogen, respectively . The results of our study suggest that these mycotoxins at very low concentrations are interacting with CaM and PKC. Such an effect could lead to impairment of neurotransmission and result in neurotoxicity.
Many naturally occurring toxins in the farm feed are hazardous to humans as well as to animals. The general effects of the many mycotoxins are on liver, kidney, and skin (Bradford, Norris, and Smith 1990) . Some fungal toxins for example, can cause tremors, incoordination,and convulsionsin laboratory and farm animals (Wyllie and Morehouse 1977) . The mycotoxins like citreoviridin, secalonic acid, and verruculogen are produced by fungal species globally with high prevalence in tropical regions and in developing countries where the storage facilities are inadequate (Ueno 1985; Pohland 1990 ). These three mycotoxins have been shown to be neurotoxic in mammalian species (Ueno and Ueno 1972; Hotujac, Mufdtie, and Filipovic 1976; Sobotka, Brodie, and Spaid 1978; Norris et al. 1980; Datta and Ghosh 1981; Bolon and St. Omer 1988; St. Omer and Bolon 1990; Fink-Gremmels and Weiser 1991; Montella and Reddy 1991; Reddy, Eldeib, and Reddy 1994; Wang and Polya 1996) . The neurotoxicity of these mycotoxins is due to the excessive release of neurotransmitters and modulation of the activities of several key enzymes that regulate a number of physiological functions of central nervous system (CNS) (Datta and Ghosh 1981; Fink-Gremmels and Weiser 1991; Reddy, Eldeib, and Reddy 1994; Wang and Polya 1996) . The key enzymes altered by these mycotoxinsinclude acetylcholinesterase,ATPases, protein kinase C, and adenylate cyclase (Datta and Ghosh 1981; Fink-Gremmels and Weiser 1991; Reddy, Eldeib, and Reddy 1994; Wang and Polya 1996) . These studies also showed that amnio acid neurotransmittersand catecholaminesrelease was increased by these neurotoxic mycotoxins. However, the potency varied with each toxin and the neurochemical system studied. It is evident from these studies that the neurotoxic mycotoxins produce a number of neurochemical alterations either in adults or in developing brain. However, a well-de® ned mechanism of modulation of neurotransmitter pathways is lacking.
Calmodulin (CaM), a calcium-binding protein, has been shown to activate a variety of enzymes. It also plays a key role in regulating many cellular functions, including a number of Ca 2+ -dependent processes, neurotransmitter release, and other synaptic functions (Cheung 1980; DeLorenzo 1980 DeLorenzo , 1982 Means, Tach, and Chafouleas 1982; Ahilijanian and Cooper 1987; McGinnis et al. 1998) . The exposure of the hydrophobic sites of CaM, which are the binding sites of the target enzymes, is due to the Ca 2+ -induced conformational change in CaM (Cheung 1981; Cox 1984; Yamoah et al. 1998; McGinnis, Shariat-Madar, and Gnegy 1998) . Ca 2+ -activated CaM was shown to be involved in neurotransmitter release (DeLorenzo 1982) . Ca 2+ -CaM complex phosphorylates vesicle proteins, resulting in the modulationof neurotransmitterpathways and other neuronal functions (Cheung 1980; DeLorenzo 1980 DeLorenzo , 1982 .
Protein kinase C (PKC) is both a phospholipid and Ca 2+dependent cytosolic enzyme which regulates a variety of intracellular signals across the cell membrane in many tissues (Nishizuka 1984 (Nishizuka , 1986 Iannazzo, Sathananthan, and Majewski 1997; Bonisch, Hammermann, and Bruss 1998; Breukel et al. 1998 ). Parker et al. (1986) suggested that the potential calcium-binding site of PKC has homology to that of the ª E-Fº hand structure of the Ca 2+ binding site of CaM. Any modulation of CaM activity, or the conformation of CaM required for its activity and PKC activity by toxins, chemicals, pesticides, and insecticides may result in profound physiological consequences in the CNS (Inagaki and Hidaka 1984; Desaiah, Chetty, and Prasada Rao 1985; Kodavanti et al. 1988 Kodavanti et al. , 1989 Kodavanti et al. , 1994 Kodavanti et al. , 1995 Kodavanti et al. , 1996 Vig, Mehrota, and Desaiah 1990; Pala et al. 1991; Yallapragadaet al. 1991; Vig and Desaiah 1991; Kodavanti and Tilson 1997) . CaM antagonists such as phenothiazines and napthalenesulphonamides interact with the hydrophobicregions of CaM and block its biological activity (Levin and Weiss 1979; Cimiro and Weiss 1988) . It has been shown that the CaM antagonists also inhibit PKC activity by direct interaction (Parker et al. 1986; O' Brien et al. 1987) . Because CaM and PKC both play an important role in Ca 2+ -mediated cellular processes and some of these mycotoxins alter such regulation, we investigated the modulation of CaM activity, active conformation of CaM and PKC activity by citreoviridin, secalonic acid, and verruculogen. The data show that all three mycotoxins tested are potent modulators of CaM and PKC activities.
MATERIALS AND METHODS

Chemicals
Citreoviridin, secalonic acid, verruculogen, N -phenyl-l-napthylamine, activator-de® cient phosphodiesterase and dansyl-CaM were purchased from Sigma Chemical Co., St. Louis, MO. Bovine brain CaM was purchased from Calbiochem Corporation, La Jolla, CA. 32 P-Adenosine trisphosphate (speci® c activity 6000 C i/ mmol) and Aquasol were purchased from New England Nuclear, Boston, MA. All other chemicals were of analytical grade obtained from other commercial sources.
Preparation of Test Solutions
Stock solutions of citreoviridin was prepared in ethanol, whereas secalonic acid and verruculogenwere dissolved in chloroform. The ® nal concentrations of ethanol and chloroform in the reaction mixture were less than 0.5%. This amount of ethanol and chloroform did not affect PKC activity, calmodulin activity, and active conformation of CaM. Diluted solutions of test compounds were added to the reaction mixture to obtain the ® nal concentrations shown in ® gures.
Calmodulin Activity
CaM activity (measured as CaM-dependentPDE stimulation) was determined using the method of Wallace et al. (1983) and Pala et al. (1991) . The reaction mixture contained 40mM Tris-HCl (pH 8.0), 3 l M MgSO 4 , 50 l M CaCl 2 , 20ng CaM, 20 l g CaM-de® cient PDE, and different concentrations of mycotoxins. The reaction was initiated by the addition of [ 3 H]cAMP (2mM containing 200,000 cpm per assay) and incubated for 10 minutes at 95 ± C. The reaction was incubatedfor an additional 10 minutes at 30 ± C in the presence of PDE-free snake venom (1 mg/ml). The [ 3 H]adenosine formed was separated by Dowex 1 £ 8 anion exchange resin (33% slurry, pH 5.0) and the radioactivitywas measured by liquid scintillation counter (Searle-Isocap/300).
N-Phenyl-1-Napthylamine (NPN) Fluorescence Measurement
The effect of mycotoxins on the active conformation of CaM was studied by measuring the changes in NPN¯uorescence. The samples were prepared in a total volume of 1 ml containing 50 mM Tris-HCl (pH 7.5), 50 l g CaM, 0.1 mM Ca 2+ , 1 l M NPN, and various concentrations of mycotoxins. Excitation and emission intensities at 360 and 420 nm, respectively, with 5 nm slit width, were measured in a Perkin-Elmer¯uorescence spectrophotometer (Model 650-40).
Dansyl-Calmodulin Fluorescence Measurements
Dansyl-CaM¯uorescence measurements were made at room temperature in 1 ml of 20 mM Tris-HCl (pH 8.0), 250 mM NaCl, 5 mM MgCl 2 , 1.18 l M CaM, and varying concentrations of mycotoxins in the presence and absence of 1 l M CaM-de® cient PDE using the¯uorescence spectrophotometer (Perkin-Elmer Model 650-40). Free Ca 2+ in the range of 0.1 to 2.0 l M was added. The concentrations of free Ca 2+ were calculated according to Bartifai (1979) using an apparent K Ca-EGTA of 4.4 £ 10 6 M ¡ 1 at pH 8.0 as reported by Kincaid et al. (1984) . Excitationand emission spectra were measured at 340 and 490 nm, respectively, with slit width of 6 nm.
Protein Kinase C Assay
The proteinkinase C activity was assayed by using the method of Kitano et al. (1986) and as reported by us . This method measures the incorporation of 32 Pi into histone H 1 from [ 32 P]ATP at 30 ± C. The reaction mixture (0.25 ml)
contained Tris-HCl (pH 7.5), 5 mM magnesium acetate, 10 mM [ 32 P]ATP (200,000 cpm), 200 mg/ml histone, 0.1 mM CaCl 2 , 2 l g of phosphatidylserine, 0.2 l g of diolein, varying concentrations of mycotoxins, and the crude cytosolic fraction of male adult rat (Sprague-Dawley) brain (300 mg/ml protein). The cytosolic fraction of rat brain was prepared by differential centrifugation . Basal activity was measured in the presence of 1mM EGTA and in the absence of CaCl 2 , phosphatidylserine, and diolein. After 10 minutes' incubation at 30 ± C, the reaction was stopped by the addition of 3 ml of 25% trichloroacetic acid (TCA). Acid precipitable materials were collected on dura pore membrane ® lters (pore size 0.45 l m) in a suction apparatus, washed thrice with 5 ml of 25% TCA, and inserted into scintillation vials. The radioactivity was counted using liquid scintillation counter (Searle, Isocap/300). The activity of PKC was expressed as total activity minus basal activity. One unit of PKC activity is expressed as that amount of enzyme which incorporated 1 nmol of phosphate from ATP into histone per minute at 30 ± C. Protein in the cytosolic fraction of the rat brain was estimated by the method of Lowry et al. (1951) .
Statistical Analysis
All the data which required statistical evaluation represent a minimum of three experiments assayed in triplicate. Statistical signi® cance was calculated by using Student's t test. A value of p < .05 was considered statisticallysigni® cant. IC 50 values were calculated from linear regression lines plotted for best straight line ® ts.
RESULTS
Citreoviridin, secalonic acid, and verruculogen, which are neurotoxic mycotoxins, inhibited CaM-stimulated PDE activity in a concentration-dependent manner (Figure 1) . The IC 50 values are tabulated in Table 1 .
The binding of Ca 2+ to the four Ca 2+ -binding sites of CaM induces a conformational change, which exposes the hydrophobic domain. The¯uorescent probe NPN binds to the hydrophobic domain and increases the NPN¯uorescence intensity. Citreoviridin and secalonic acid decreased the NPN¯uorescence intensity in a concentration-dependent manner, whereas verruculogen did not show signi® cant effect (Figure 2) . The IC 50 values were 13 l M and 19 l M for citreovirdin and secalonic acid respectively (Table 1) . The increase in¯uorescence intensity of dansyl-CaM as a function of Ca 2+ concentration corresponds to the occupancy
FIGURE 2
Effect of varying concentrations (10±50 l M) of mycotoxins on NPN¯uorescence. The data are presented as percent of control NPN¯uorescence as a function of mycotoxin concentrations.
Each data point is a mean § SE of three independent experiments, each assayed in triplicate. *Signi® cantly different from control (0 concentration) at p < .05.
FIGURE 3
Effect of the three mycotoxins (50 l M concentration) on dansyl-calmodulin¯uorescence. Each value is a mean § SE of three independent experiments, each assayed in triplicate. Thē uorescence intensity of dansyl-calmodulin is expressed as arbitrary units as a function of free calcium concentrations.
of two high-af® nity Ca 2+ -binding sites, whereas the occupancy of the third and/or fourth Ca 2+ -binding sites results in the subsequent decrease in¯uorescence (Kincaid et al. 1984) . In the presence of PDE, the Ca 2+ -induced maximum¯uorescence intensity of dansyl-CaM increases further. Secalonic acid and citreoviridin decreased dansyl-CaM¯uorescence whereas ver-
FIGURE 4
Effect of three penicillium mycotoxins (50 l M concentration) on Ca 2+ -dependent complex formation between dansyl-calmodulin and phosphodiesterase. Each value is a mean § SE of three independent experiments, each assayed in triplicate. The¯uorescence intensity of the complex is expressed as arbitrary units as a function of free calcium concentrations.
FIGURE 5
Effect of varying concentrations (10±50 l M) of mycotoxins on protein kinase C activity in rat brain cytosol. The decrease in PKC activity is expressed as percent of control (100%) activity as a function of mycotoxin concentrations. One unit of PKC activity is expressed as that amount of enzyme which incorporated 1nmol of phosphate from ATP in to histone per minute at 30 ± C. *Signi® cantly different from control activity in the absence of the toxins ( p < .05).
ruculogen did not show any effect (Figure 3 ). The complex formation between dansyl-CaM and PDE was inhibited by citreoviridin and secalonic acid with similar potency (Figure 4) .
The data in Figure 5 shows the effect of these three mycotoxins on PKC. All three mycotoxinsinhibited the PKC activity in a concentration-dependent manner and the inhibition was signi®cant. The IC 50 values were 19.8, 25.8, and 38.4 l m for secalonic acid, citreoviridin, and verruculogen respectively (Table 1) .
DISCUSSION
The results of our study clearly indicate that the three mycotoxins, citreoviridin, secalonic acid, and verruculogen decreased the CaM-dependentPDE at the concentrationstested. These mycotoxins did not show any effect on basal (CaM-independent) enzyme activity, thereby suggesting impairment of biological activity of CaM. This could interfere with the regulation of other CaM-dependent enzymes such as Ca 2+ -ATPases as well as neurotransmitter pathways. The evidence show that neurotransmitter release is calmodulin-dependent (DeLorenzo 1982). Ca 2+ -CaM±dependent protein phosphorylation of synapse and vesicle proteins was shown to be linked to neurotransmitter release (DeLorenzo 1980 (DeLorenzo , 1982 . Inhibition of protein phosphorylation by CaM antagonistsalso decreased the neurotransmitter release (DeLorenzo 1982) .
The binding of Ca 2+ to the four Ca 2+ -binding domains of CaM induces conformational change and exposes hydrophobic sites which are the binding sites for the target enzymes (Cheung 1981; Cox 1984) . CaM-dependent enzymes and CaM antagonists, such as W-7 and chlorpromazine, and¯uorescent probe like NPN bind to these hydrophobic sites (Tanaka and Hidaka 1980, LaPorte, Wierman, and Strom 1980; Inagaka and Hidaka 1984) . CaM antagonistsand some pesticides have been shown to suppress the increase in¯uorescence of the hydrophobic probe NPN induced by complex formation with CaM in the presence of Ca 2+ (Inagaki and Hidaka 1984; Desaiah, Chetty, and Prasada Rao 1985; Kodavanti et al. 1988 Kodavanti et al. , 1989 Kodavanti et al. , 1994 Kodavanti et al. , 1995 Kodavanti et al. , 1996 Vig, Mehrota, and Desaiah 1990; Pala et al. 1991; Yallapragada et al. 1991; Vig and Desaiah 1991; Kodavanti and Tilson 1997) . Similarly, the neurotoxic mycotoxins are inhibitors of CaM as observed in the present studies. Decrease of CaM activity could lead to the modulation of neurotransmitter release. Among the three mycotoxins tested, secalonic acid and citreoviridin signi®cantly decreased Ca 2+ -dependent increase in NPN binding sites on CaM. Citreoviridin and secalonic acid also decreased dansyl-CaM¯uorescence. The increase in dansyl-CaM¯uorescence results from binding of Ca 2+ to two high af® nity Ca 2+ -binding sites of CaM (LaPorte, Wierman, and Strom 1980) . The Ca 2+dependent (involving the high af® nity sites) complex formation between dansyl-CaM and PDE which further increases the¯uorescence intensity (Kincaid et al. 1982) was also inhibited by citreoviridin and secalonic acid, whereas verruculogen showed little effect. The lack of effect of verruculogen on CaM¯uorescence is not clear but may be related to the structural differences as compared to citreovirdin and secalonic acid. Verruculogen is a nitrogen-containing compound whereas the others are not (Ueno 1985) .
PKC is known to have a structural homology like that of CaM at Ca 2+ binding sites and it was also shown that many antagonists of CaM like phenothiazenes inhibited PKC at concentrations similar to those that inhibited CaM (Parker et al. 1986; DeRiemer, Greengard, and Kaczarek 1985) . The three mycotoxins tested signi® cantly decreased the PKC activity. Such an observation was also made with secalonic acid by others (Wang and Polya 1996) . The IC 50 of 19 l M secalonic acid for PKC in our studies is very close to the value reported by Wang and Polya (1996) . The decrease in the activity of PKC may be due to the interactionof these mycotoxinswith phospholipid(phosphatidyl serine), and/or with the active binding site on the enzyme and thereby interfering in the phosphorylation of endogenous substrate proteins of PKC, which changes the electrical properties of the neurons (De Riemer et al. 1985; Kaczmark 1987) .
The differential effects of the three mycotoxins observed in this study are in agreement with their toxicity in mice. Based on the LD 50 , the potency order of these three toxins is dependent on the route of administration (Ueno 1985) . It is dif® cult to compare our neurochemical data exactly with the lethality. However, the data show all three toxins are equipotent on CaM activity. PKC is more sensitive to secalonic acid followed by citreoviridin and verruculogen. The¯uorescence intensity is not altered by verruculogen but very sensitive to secalonic acid and citreovirdin. The results of our study clearly suggest that the three mycotoxins tested interact with CaM and induces a conformational change which brings about an altered response on its target enzymes. By decreasing the PKC activity, these mycotoxins may also be interfering in the ion (Ca 2+ ) transport across the neuronal membranes. The potent effects of these three mycotoxins at low micromolar concentrations on CaM and PKC activities are of interest in that such changes may alter intracellular Ca 2+ -dependent processes of the neuron, resulting in an altered neuronal activity causing tremors and neurotoxicity.
